Weberite / Floating zone technique / Optical properties / Dielectric properties / Polytypes / Single crystal structure analysis / X-ray diffraction Abstract. Single crystals of the new 8O modification of Ca 2 Ta 2 O 7 were grown by optical floating zone melting and their structure was solved by X-ray diffraction. 8O Ca 2 Ta 2 O 7 crystallizes in space group C222 1 with a ¼ 7.3690(2) A, b ¼ 12.7296(3) A, c ¼ 48.263(1) A. The structure is related to the weberite structure type and can be described as a stacking of 8 basic building units per unit cell. Each building unit consists of one Ta 3 Ca and one Ca 3 Ta layer with a cubic close packed arrangement. Optical spectroscopy in the UV-Vis and IR region reveals a high transparency in a wide energy range from 0.2-3.5 eV. Dielectric measurements yield a high e 0 value of 60 at room temperature.
Introduction
Depending on preparation conditions and doping, Ca 2 Ta 2 O 7 shows a wide variety of different modifications. All polytypes of Ca 2 Ta 2 O 7 show a high structural similarity and are closely related to the structure of the mineral weberite (Na 2 MgAlF 7 ). The basic building unit of all structures of Ca 2 Ta 2 O 7 is a 6 A thick slab consisting of one Ca 3 Ta and one Ta 3 Ca layer (vide infra). These slabs are stacked along [001] . The various modifications of Ca 2 Ta 2 O 7 only differ in the crystal system and the number of slabs (N) within the unit cell. Therefore a shorthand notation can be used in which the polytypes are referred to by N and a capital letter denoting the crystal system. In this notation 7M corresponds to a monoclinic structure made up of 7 slabs, while 3T describes a trigonal modification with 3 slabs. Since the basic building unit for all polytypes is the same, their cell parameters are very similar: All structures possess a (pseudo) hexagonal unit cell with a h % 7.3 A and c h % N Â 6 A. For the monoclinic structures and the new orthorhombic modification described in this paper, a C-centered super cell with a ¼ a h , b ¼ ffiffi ffi 3 p a h , c ¼ c h , has to be used. The known phases so far are 3T, 4M, 5M, 6M, 6T, and 7M. Na 2 Ta 2 O 5 F 2 has a closely related structure and can be considered to be the 2M aristotype of the above-mentioned family of homologue structures [1] .
Below 1450 C pure polycrystalline Ca 2 Ta 2 O 7 adopts the trigonal 3T structure with a ¼ 7.355 A and c ¼ 18.09 A [2] . At higher temperatures it transforms to the 7M polytype. Single crystals of this monoclinic phase can be flux grown in sealed platinum tubes from a 50 : 50 wt% mixture of Ca 2 Ta 2 O 7 and Ca 2 V 2 O 7 by slow cooling from 1450 C [3] . X-ray structure determination led to space group C2 with a ¼ 12.726 A, b ¼ 7.380 A, c ¼ 42.538 A and b ¼ 95. 77 . The same growth experiment also yielded crystals of 6M Ca 2 Ta 2 O 7 , a modification that is not accessible by solid state synthesis [4] . Doping of Ca 2 Ta 2 O 7 leads to the stabilization of additional polytypes: A substitution with 10 mole% Nb (e.g. Ca 2 Ta 1.9 Nb 0.1 O 7 ) results in the formation of the 7M structure in polycrystalline samples at 1550 C while a Nb content of 20 mole% leads to the stabilization of 5M Ca 2 , respectively, which served as feed and seed rod for the crystal growth experiment. The rods were sintered for 12 h at 1400 C to increase their mechanical stability and density. Crystal growth was carried out in a GERO SPO optical floating zone furnace. This furnace is equipped with two 1000 W halogen lamps, the radiation of which is focussed by two ellipsoidal gold-coated mirrors. Growth speed was adjusted to 5 mm/h. During the experiment the seed rod was rotated at a speed of 30 rpm, while the feed rod was kept still. The growth resulted in a colorless crystal boule of approximately 2 cm length and 5 mm diameter. From a thin slice of the boule several small cubes were cut for the X-ray structure analysis, while a second slice was used for the spectroscopic measurements.
Structure analysis
X-ray intensity data were collected at room temperature on a BRUKER SMART APEX CCD diffractometer using MoK a -radiation (l ¼ 0.71073 A). Raw data were processed with the BRUKER program SAINT. The crystal structure was determined by direct methods using SHELXS-97 [6] and subsequent difference Fourier calculations. For the full-matrix least-squares structure refinement on F 2 the program SHELXL-97 was used [7] . The intensity data were originally indexed with a hexagonal unit cell with a ¼ 7.36 A, c ¼ 48.26 A. All attempts to find a structure solution in the trigonal or hexagonal crystal system failed and the internal R value was exceptionally high (R i ¼ 0.318). We therefore transformed the unit cell to the orthorhombic system. This resulted in a strong decrease of R i to a value of 0.156 for the uncorrected data. An inspection of the systematic absence conditions led to the only suggested space group C222 1 . Structure solution with SHELXS-97 [6] using direct methods immediately yielded the positions of the great majority of Ta and Ca and most of the oxygen ions. Remaining atomic positions were found by difference Fourier calculation. The absorption correction turned out to be a very critical point of the structure analysis. Due to the high absorption coefficient of the title compound (m % 40 mm À1 ) the internal R value of the uncorrected data set was quite high (R i ¼ 0.156) and the displacement parameters of the Ta ions were found to be unreliably small. Various approaches for the absorption correction were tested. These included i) numerical correction based on the shape of the face-indexed crystal ii) HABITUS optimization based on R i [8] iii) several runs with the BRU-KER absorption program SADABS using different parameter settings. Unexpectedly, the trials i) and ii) did not significantly improve the R i value. The SADABS runs led to a decrease of R i to a value of approximately 0.07-0.08 (depending on the options chosen) but yielded displacement parameters of zero A 2 for the Ta ions. The best results were achieved with the MULABS option implemented in the program suite PLATON [9] . Although the obtained value of R i ¼ 0.10 is not completely satisfying, we believe it can be accepted, taking into account that almost 154 000 reflections have been merged. The structural model was tested for a possible higher symmetry using PLATON [9] . No additional symmetry elements were detected. Since many of the known structures of Ca 2 Ta 2 O 7 crystallize in monoclinic space groups, we additionally tried to reduce the symmetry. Attempts to refine the structure in the non-isomorphic subgroups C2 and P2 1 did not yield satisfying results. We therefore conclude that C222 1 actually is the correct space group.
The final structure refinement converged smoothly to the results given in Table 1 . Although the scattering power of oxygen is quite small compared to the contribution of the cations, it was possible to refine the displacement parameters of the oxide ions anisotropically. Only for one oxygen (O27) we observed a strongly oblate displacement tensor with one principal axis being unreliably small (%0.002 A 2 ). For this reason we decided to refine this atom isotropically.
Optical measurements
A thin slice was cut from the crystal boule ground to a thickness of 0.2 mm. This disk was polished at both sides. Measurements in the UV-Vis region were carried out using a VARIAN CARY 50 spectrometer. For the IR regime a BRUKER EQUINOX 55 spectrometer was used. Figure 2 shows the atoms within one unit cell of 8O Ca 2 Ta 2 O 7 . Displacement ellipsoids are given with a 90% probability. Atomic positions and displacement parameters are listed in Tables 2 and 3 , respectively.
Results and discussion
The 8O structure is closely related to the other polymorphs of Ca 2 Ta 2 O 7 . As can be seen in Fig. 2 as well as in the polyhedral representation in Fig. 1 , the 8O structure consists of the same 6 A thick basic building slabs as the other known modifications. One of these slabs is shown in more detail in Fig. 3 . It can be described as a double layer Note: a: of TaO 6 octahedra. Within the lower layer, the octahedra are tilted and share common corners. Neglecting the tilting, it can be said that the crystallographic c axis lies parallel to one four-fold axis of the octahedra. This connecting scheme reminds of the arrangement found in the large family of (cubic) perovskites. In the upper layer the TaO 6 octahedra are oriented in a way that one of their three-fold axes lies parallel to c. This orientation is typical for the family of hexagonal perovskites. These considerations reveal a number of similarities between the weberite and the perovskite structures although they are not directly related. Focusing on the metal ions, the basic 6 A unit can be described as consisting of one Ca 3 Ta layer and one Ta 3 Ca layer. The arrangement of the TaO 6 octahedra within these two layers is shown in Fig. 4 . For the Ta 3 Ca layers, six corner-sharing octahedra form a hexagonal ring, the center of which is occupied by the larger Ca ion. The Ca 3 Ta layers show a complementary arrangement. In these layers hexagonal rings of Ca ions are found and the Ta ions are located in the centers of these rings. As a consequence, the TaO 6 octahedra in these layers are not connected to each other.
The oxygen coordination of the Ca ions in the Ca 3 Ta and Ta 3 Ca layers is shown in Fig. 5 . Within the Ta 3 Ca layers the Ca ions possess a hexagonal bipyramidal oxygen coordination. These bipyramids are not connected to each other and slightly tilted with respect to the c axis. The Ca coordination geometry within the Ca 3 Ta layers is less symmetric. It can either be described as highly distorted cubes or as distorted hexagonal bipyramids. These cubes/bipyramids share common edges.
Bond lengths for the Ta and Ca ions are listed in Table 4. Since the number of individual bonds is quite large we decided to only give the maximum and minimum values and the average distances. The Ta--O distances lie in the interval from 1.898 A to 2.119 A. Average bond lengths for the TaO 6 octahedra range from 1.964 A to 1.999 A. These values are quite similar to the ones observed for other modifications of Ca 2 Ta 2 O 7 . For the 4M, 5M, 6T and 7M polytypes average Ta--O distances between 1.95 A and 2.01 A were found [2, 3, 5] . Additionally, the shortest and longest Ta--O distances for all these structures are in the range between 1.89 A and 2.17 A. Looking at table 4 it is striking that while most of the TaO 6 octahedra are only slightly distorted (i.e. the individual bond distances show little deviations from their average values), the coordination geometry around Ta2 and Ta4 is highly distorted. The reason is that these two tantalum ions are shifted away from the centers of the corresponding octahedra towards two of the oxygen ions. As a result, two Ta--O bonds become extraordinarily short, while the two opposite bonds are elongated. Both Ta ions belong to Ca 3 Ta layers, i.e. to those layers in which the TaO 6 octahedra are not directly connected.
Similar results were found for other Ca 2 Ta 2 O 7 modifications. In all cases, the shortest and the longest Ta--O distances were found for tantalum ions within the Ca 3 Ta layers and were caused by a shift of the Ta ions away from the centers of the octahedra. This displacement reminds of the situation found in BaTiO 3 , where the Ti ions are shifted towards one of the oxygen atoms. Consequently, it has been speculated that the observed distortion of the TaO 6 -octahedra might be the origin of the observed high dielectric constants of about 25 found for other modifications of Ca 2 Ta 2 O 7 [3; 10] . It would be interesting to see if by a suitable substitution the structural distortion of a: U iso the longest distance was reported for the 7M modification (3.06 A) [3] . UV-Vis and infrared measurements of 8O Ca 2 Ta 2 O 7 are shown in Figs. 6 and 7 . Since the two regions of the electromagnetic spectrum are usually recorded as a function of wavenumber and wavelength, respectively, we have added a uniform energy scale (in eV) as a second x-axis on top of the two plots. Looking at the figures, it is striking that Ca 2 Ta 2 O 7 shows a high transparency in a wide frequency range both in the infrared and visible region. In the IR regime a transmission of about 90% is observed for wavenumbers above 1750 cm À1 . We believe that the real trans-274 S. G. Ebbinghaus, A. Kalytta, J. Kopf et al. parency of the sample is even higher and that the small loss is caused by scattering or reflection of the radiation at the sample surface due to the surface roughness or a slight tilt of the sample with respect to the incident beam. For wave numbers below 1500 cm À1 a number of broad overlapping absorption bands are found corresponding to the various M--O--M stretching and bending modes which can occur in the framework of Ca 2 Ta 2 O 7 . Since the crystal structure is rather complex and the different peaks can not be separated, no attempts were made to assign the observed bands to individual vibrational modes.
In the near ultraviolet and the visible part of the spectrum a high transparency of the sample was found with no significant absorption bands. At least for the visible region this result was already expected since the sample is completely colorless. At wavelengths below 400 nm the absorption of 8O Ca 2 Ta 2 O 7 increases drastically and reaches a maximum at approximately 245 nm. With the given thickness of the sample the transmission drops to zero. Attempts to reduce the thickness by further grinding and polishing failed because the disc became very fragile and tended to crack.
The observed strong absorption below 400 nm is most likely caused by charge transfer from the occupied oxygen 2p orbitals to vacant Ta 5d states. We are currently trying to assign the absorption spectrum to transitions between individual electronic states using LDA band structure calculations. Unfortunately, these calculations are highly time consuming due to the very large number of atoms within the unit cell.
Ternary (and higher) tantalum oxides often possess interesting dielectric properties making these compounds valuable candidates for technical applications, e.g. in capacitors or frequency filters. Polycrystalline 3T Ca 2 Ta 2 O 7 , for example, shows a dielectric constant of about 25 at 1 MHz [10] . For applications in electronic devices dielectric materials must fulfill two more requirements: The quality factor Q ¼ e 0 /e 00 should be as high as possible and e 0 should be temperature and frequency independent. Doping of Ca 2 Ta 2 O 7 with Nb seems to be a promising strategy to tailor-made such a material because by a proper choice of the niobium content the temperature coefficient of e 0 can be tuned to almost zero.
The dielectric properties of Nd 2 Zr 2 O 7 doped 3T Ca 2 Ta 2 O 7 and of Nb doped 5M and 7M Ca 2 Ta 2 O 7 are quite similar [3] : e 0 is almost frequency-independent in the range 10 4 -10 9 Hz with values of about 20. Only for frequencies above 5 GHz an increase of e 0 is observed. The quality factor is in the order of 200, a value that is quite high but not satisfying for technical applications.
The observed distortion of some of the TaO 6 octahedra led us to investigate the dielectric properties of 8O Ca 2 Ta 2 O 7 . To our surprise the dielectric response of this modification is quite different from the ones described above. 8O Ca 2 Ta 2 O 7 shows a dielectric behavior typical for a ferroelectric relaxor. e 0 is much higher than for the other modifications and reaches values of about 60 at room temperature. Upon cooling e 0 increases to a value of almost 90 at 50 K. This large dielectric constant makes the new modification of calcium tantalate an interesting material for electronic devices. Further investigations of the electric properties are currently in progress and results will be published elsewhere.
Conclusions
The simple oxide Ca 2 Ta 2 O 7 shows a number of different modifications. The undoped polycrystalline material transforms from the 3T to the 7M structure at a temperature of about 1450 C. Flux growth yields single crystals of the 7M and 6M polytype. By optical floating zone melting we managed to prepare single crystals of the new 8O modification of Ca 2 Ta 2 O 7 . Single crystal X-ray structure determination shows that the 8O modification is very closely related to the other known polytypes and has an orthorhombic weberite-related structure. The unit cell consists of 8 layers of the basic building unit of all modifications. This unit is built of one Ca 3 Ta and one Ta 3 Ca layer. Both layers contain (distorted) TaO 6 octahedra and CaO 8 hexagonal bipyramids. Within the Ca 3 Ta and Ta 3 Ca layers these polyhedra possess a different connecting scheme. Some of the TaO 6 octahedra show a strong distortion caused by a shift of the tantalum ion towards one of the octahedral edges. This structural peculiarity might be the origin of the high dielectric constant of e 0 ¼ 60-90 observed for 8O Ca 2 Ta 2 O 7 . The potential to alter the dielectric properties by appropriate doping might lead to a fu- 
